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ABSTRACT: Recently, a 2d coset model with J\f = 3 superconformal symmetry was pro¬ 
posed to be holographic dual to a higher spin supergravity on AdSs and the relation to 
superstring theory was discussed. However, away from the tensionless limit, there is no 
higher spin symmetry and the higher spin states are massive. In this paper, we examine 
the deformations of the coset model which preserve J\f = 3 superconformal symmetry, but 
break generic higher spin symmetry. We focus on double-trace type deformations which are 
dual to changes of boundary conditions for the bulk matter fields. In the bulk theory, the 
symmetry breaking will generate mass for the higher spin fields. As a concrete example, we 
compute the Higgs mass of a spin 2 field both from the bulk and the boundary theory. 
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1 Introduction 

Superstring theory contains a plethora of massive excitations and its tensionless limit is be¬ 
lieved to be described by higher spin gauge theory. In fact, it was argued that superstring 
theory could be described by the broken phase of higher spin gauge theory [1], However, 
on a flat space-time, the higher spin symmetry is too restrictive, and no-go theorems, e.g., 
by Weinberg [2], prohibit a non-trivially interacting theory under some assumptions. For¬ 
tunately, these no-go theorems do not apply for a theory with a curved background, and 
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Vasiliev theory constitutes a famous example of a non-trivial higher spin gauge theory de¬ 
fined on AdS space [3]. Moreover, recent developments of the AdS/CFT correspondence 
have revealed non-trivial relations between higher spin gauge theory and superstring the¬ 
ory. The first concrete proposal for this relation (called ABJ triality) was made in [4] by 
extending the holographic duality with higher spin gauge theory in [5, 6 ]. Therefore, it is 
natural to expect that superstring theory on AdS space can be realized as a broken phase 
of Vasiliev theory. 

In this paper, we would like to examine this relation by studying details of a concrete 
example. For this purpose it would be nice to have a more tractable setup than the original 
ABJ triality. In this case, we want to make use of lower dimensional models. Generalizing 
the higher spin AdS/CFT duality in [7], lower dimensional versions of the ABJ triality 
were proposed in [ 8 - 10 ] using small or large Af = 4 superconformal symmetry, and also 
independently in [ 11 , 12 ] using Af = 3 superconformal symmetry. See also [13-16] for related 
works. The small or large Af = 4 superconformal symmetry is quite constraining, and one 
can determine the properties of their triality to a large extent using only the supersymmetry. 
Nevertheless, in this paper we consider the case having Af = 3 superconformal symmetry, 
the reason being that the analogy with the ABJ triality is more transparent and we expect 
that the physical intuition can be applied more easily. 

In [12] we proposed a holographic duality between a 3d extended Vasiliev theory and a 
2d critical level coset model. Utilizing the duality, we discussed the relation to superstring 
theory. The higher spin theory is a Z 2 truncation of the AT = 2 Prokushkin-Vasiliev 
theory with U(2M) Chan-Paton (CP) factor. If we set M = 2 n ~ 1 , then the theory admits 
AT = 2n + 1 supersymmetry [17, 18]. The dual CFT is proposed to be the following coset 
model 

su(V + © so(2JVM)i ill) 

su(IV)tv+2M © u(l) K 


with k = 2 NM(N + M ) 2 and several fermions decoupled. In order to see the relation 
to the classical Vasiliev theory, we need to take the large N limit while keeping M finite. 
Applying the logic of [4] in this lower-dimensional case, superstring theory should be related 
to the higher spin theory with some conditions on the CP factor. We have chosen the 
U (M) invariant condition on the U(2M) CP factor, and the dual coset should now be the 
Grassmannian Kazama-Suzuki model [19, 20] 

su (N + M)n + m © so(2NM)\ 

Su(iV) jv_|_2M © Su(M)m+ 2AT © u(l) K 


with the central charge c = 3MN/2. The most important property of this model is that it 
admits AT = 3 superconformal symmetry as we found in [ 12 ]. 

We can now examine the superstring theory dual to the Kazama-Suzuki coset (1.2) by 
utilizing the Af = 3 superconformal symmetry. The target space of dual superstring theory 
should be of the form AdS 3 XM 7 where M 7 is some 7-dimensional manifold. In the case with 
pure NSNS background, a general argument in [ 21 ] states that the only possible backgrounds 
are those with M 7 =SU(3)/U(1), SO(5)/SO(3) along with the case M 7 = (S 3 xS 3 xS 1 )/Z 2 
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studied in [22]. The BPS spectrum of the superstring theory with M 7 =SU(3)/U(1) and 
SO(5)/SO(3) was examined in [23], and the spectrum is consistent with the chiral primaries 
in the coset model (1.2) as argued in [12], and this will be elaborated on below . 1 Therefore 
it is expected that the coset model lives on the same moduli space as the superstring theory 
with M 7 =SU(3)/U(1) or SO(5)/SO(3), even though we know nothing about this moduli 
space except for a few points. 

I 11 this paper, we study the marginal deformations of the coset model (1.2) and interpret 
them in terms of the dual higher spin theory. The two theories stay at the same moduli 
point which is supposed to correspond to the tensionless limit of superstring theory. Away 
from this tensionless limit, there is no higher spin symmetry anymore and the higher spin 
states should become massive. We would like to break the higher spin symmetry quite 
weakly as in [24] , since otherwise we loose control of the models that was given by the large 
symmetry algebra. This leads us to consider deformations of the double-trace type which 
are known to be dual to changes of the boundary conditions for the bulk fields [25]. We 
examine the marginal deformations of the coset model (1.2) while preserving the A/" = 3 
superconformal symmetry. We show that the deformations break a spin 2 symmetry and 
this, in turn, implies that they break generic higher spin symmetry as well. In the dual 
higher spin theory the changes of boundary conditions break higher spin gauge symmetry 
and the gauge fields become massive due to the symmetry breaking. As a concrete example, 
we compute the Higgs mass of a spin 2 field both from the bulk and the boundary theories. 

It is known that the graviton on AdS space can be massive via loop effects of bulk 
fields with non-standard boundary conditions [26, 27]. In order for a massless gauge field 
to become massive, it should be swallowing extra degrees of freedom, and in this case they 
come from bound states of bulk fields. Moreover, it was pointed out in [28] that higher spin 
gauge fields of 4d Vasiliev theory can be massive in a similar manner with non-standard 
boundary conditions. In this paper, we will show how the marginal deformations of the 
coset model ( 1 . 2 ) are mapped to the changes of boundary conditions for the bulk fields of 
the 3d Vasiliev theory as in [25]. From the coset model, we can compute the anomalous 
dimension of a spin 2 current which is not conserved due to the effects of the marginal 
deformation as in [24, 29]. Using the AdS/CFT dictionary, we can read off the Higgs mass 
of the dual spin 2 field. From the bulk theory, we compute the Higgs mass directly by 
computing the contributions from scalar and fermion loops. For the scalar loops the results 
in [29, 30] can be used since the set up is found to be the same. For the fermion loops we 
have to extend their analysis. 

This paper is organized as follows; In the next section, we review the higher spin gauge 
theories which are dual to (1.1) and (1.2). Primary states of the Kazama-Suzuki coset (1.2) 
are then studied in section 3. We find new chiral primaries, not considered in [12] and 
interpret them in terms of the bulk theory. In section 4 we study marginal deformations 
of the coset (1.2) which preserve M = 3 superconformal symmetry. We show that a spin 
2 current is not conserved due to these marginal deformations in section 5, and further we 
compute the Higgs mass of the dual spin 2 field by using the AdS/CFT dictionary. Section 6 

1 We can check that the BPS spectrum for the case with M7 = (S 3 xS 3 xS 1 )/Z2 is different. 
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then demonstrates how to reproduce this Higgs mass from the viewpoint of the dual higher 
spin theory making use of the results in appendices B and C. In section 7 we conclude this 
paper. Appendix A gives a summary of the operator products for generators of the AT = 3 
superconformal algebra. In appendix B we review the holographic interpretation of the 
double-trace deformations of a CFT following mainly [4, 31, 32], Finally, in appendix C 
we review the results for scalar loops in [29, 30] and extend them to include the case with 
fermion loops. 

2 Higher spin gauge theory 

In [11] a higher spin AdS/CFT duality was proposed involving the J\T = 2 supersymmetric 
version of Prokushkin-Vasiliev theory with M' X M' matrix valued fields introduced in [17]. 
The duality can be seen as an extension of the M' = 1 case in [33]. The higher spin theory 
includes a parameter A, which determines the gauge algebra denoted by shs^fA] as well 
as the mass of the matter fields. For A = 1/2, the theory can be truncated consistently by 
utilizing a Z 2 symmetry, and the resultant theory has Af = 2n+1 extended supersymmetry 
for M' = 2 n [12, 17, 18]. The higher spin theory is conjectured in [12] to be dual to the 
coset model presented in (1.1) for M' = 2 M. For M' = 1 the duality reduces to the one 
in [34] with AT = 1 supersymmetry when one uses the coset dualities proposed in [12]. 2 
The Kazama-Suzuki coset in (1.2) is then dual to the higher spin theory, but with a U (M) 
invariant condition [12], see [13]. In the rest of this section, we review the higher spin theory 
dual to (1.1) or (1.2). 

The supergravity theory dual to (1.1) includes higher spin gauge fields with spin s = 
1,2, ••• coupled to matter fields. The gauge algebra is obtained by a Z 2 truncation of 
sIism'I'M with A = 1/2. Let us introduce generators y a (a = 1,2) and k, which satisfy 

[ya,yp\ = 2ie a/3 (l - (1 - 2A)£;), k 2 = 1, {k,y a } = 0. (2.1) 

We denote the algebra generated by these elements by sH[A]. Then the algebra shsM'[A] is 
obtained by adding the Chan-Paton factors and removing the central element as 

sBm' [A] = si?[A] A4m' = C © shs[A], (2-2) 

where A4m' is the M' x M' matrix algebra and C is the central element. 

At A = 1/2, the commutator among y a in (2.1) does not involve k any more. Thus, the 
algebra can be truncated by requiring the invariance under the Z 2 transformation k — » — k, 
and the truncated algebra we denote as shs^/, [1/2]. If we set M' = 2 n , then the M' x M' 
matrix algebra A4m' can be generated by the Clifford elements (p 1 (/ = 1,2, • • • , 2n + 1) 
with 


{^^ J } = 2 5 IJ . 


(2.3) 


2 This M = 1 duality is different from the one in [35] which has a different truncation of the J\T = 2 
supergravity theory. 
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In that case the higher spin algebra shs^-, [1/2] includes the superalgebra osp(2n + 112) 
generated by 


T a p = {yonVf)} , Qi = Va <8> </> 7 , M IJ = [4> I ,(f ) J ]. (2.4) 

This implies that the theory has J\f = 2n + 1 supersymmetry. For the theory dual to (1.1), 
we set M' = 2 M. Furthermore for the theory dual to the Kazama-Suzuki model (1.2) we 
assign the U (M) invariant condition. Even under this condition, the shs^[l/2] subalgebra 
survives and thus the theory still has A/" = 3 supersymmetry. 

Along with higher spin gauge fields, the theory also includes two complex massless 
scalars conformally coupled to the graviton and two massless Dirac fermions. It will be 
convenient to express the 2 M x 2 M matrix valued fields by 4 • (M x M ) matrix fields 
as [^AbIV bpAsYj and bpAsYj with A,B = 1,2 and i,j = 1 ,...,M. We may 

represents them by \^abY j- We are interested in the four single particle fields that are 
invariant under the U(M) action and which may be expressed as 

‘—‘AS = ^m[^ab\ = [^abY i ■ (2-5) 

For multi-particle states, the combinations invariant under the U(M) action are the trace 
forms trjvf _g ]. As discussed in appendix B, there are two choices of boundary 

conditions for the matter fields and we assign them such that the dual conformal weights 
are given by 

(h, h) = (1/4,1/4), (3/4, 3/4), (3/4,1/4), (1/4,3/4) (2.6) 

for [ 4>AB} l j . ['Y’abYj and [VAsIV respectively. 

The equations of motion for these fields can be found in [17], and at the linearized level 
around the AdS background they are given by (see also [36-38]) 

dA + A A A = 0 , dA + A A A = 0, (2.7) 

dC + AC - CA = 0, dC + AC - CA = 0. 

Here the 1-forms A , A correspond to higher spin gauge fields and take values in shs^ M [l/2]. 
Moreover the 0-forms C,C take values in B2 m[1 /2] with the invariance under k -A —k, and 
they contain the matter fields. For the theory dual to (1.2) we further need to assign the 
U (M) invariant condition furthermore. 

3 Dual coset model and chiral primaries 

The J\f = 3 higher spin gravity with the U(M) invariant condition on the U(2 M) CP 
factor is proposed in [12] to be dual to the Kazama-Suzuki model at the critical level 
(1.2). The duality holds once we assume a non-diagonal modular invariant where the factor 
su(A r + M)n + m is expressed by free fermions in the adjoint representation of su(N + M). 
Generic Kazama-Suzuki models have J\T = 2 supersymmetry, but it was shown that the 
critical level model (1.2) has enhanced J\f = 3 supersymmetry. We will deform the coset 
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model while preserving the A/" = 3 superconformal symmetry, so chiral primary states in the 
undeformed model can be compared with BPS states in superstring theory. The comparison 
of the BPS spectrum has been already done in [12], but we would like to elaborate on the 
analysis in this section. 


3.1 Primary states 

The generic states of the coset (1.2) are labeled by (A n+m, w; Ajv, Am, m) with A^ denoting 
a highest weight of su(L). Further, u: labels the representation of so(2NM)\, and we will 
only consider the NS sector given by the sum of the identity (w = 0) and the vector (w = 2) 
representations. Finally, we have m € giving the u(l) charge. The states are then 
obtained by the decomposition 


A-n+m 0 NS = © (Ajv+m; Ajv, A m , m) 0 A^ 0 A M ® m . (3-1) 

A at, 


The conformal weight is given by 


h = n + h "+W+* + " - hf N+2M 
A-n+m 4 A-n 


yM,2N+M 
A M 


where 


l ,* _ C l (Al) _ m 2 

~ K + L ' m ~ 2k • 


(3.2) 


(3.3) 


We have here denoted the quadratic Casimir of the representation A^ by C L {Ai). The 
integer n can be computed by considering how the denominator is embedded in the numer¬ 
ator. For large L, it is convenient to express the highest weight Al by a set of two Young 
tableaux (A l L ,A r L ), and for large N, m is then fixed as (see [11, 13, 39]) 


m = lV|A JV+ M|--(Ar + M)|A A r|- (3.4) 

with the notation |A^|_ = |A^| — |A£|. Here |a| represents the number of boxes in the 
Young diagram a. Since m is uniquely determined, we will suppress it in the following. We 
should also take care of field identification among the states [40], but they are irrelevant 
for large N. 

In order to construct the model with extended supersymmetry, we utilize the fact that 
the factor su {N+M)n+m c & n be described by free fermions in the adjoint representation 
of su(lV + M ). We decompose su(Y + M) as follows 


su(JV + M) = su(JV) 0 su(M) © u(l) © (N, M) © (N, M) (3.5) 

and we use the same notation as in [12]. Namely, a = 1,2,..., A^ 2 — 1 and p = 1,2,..., M 2 — 
1 are used for the adjoint representations of su(Y) and su(AT). Moreover, a, (a) = 1, 2,... N 
and i,(i) = 1, 2,... A 1 are for the (anti-)fundamental representations of sn{N) and su(Af), 
which are denoted as N, M, (N, M). Thus we have the following free fermions 

\k a , yp, ®(S0, ^*0. (3.6) 
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The last two fermions come from so(21VM)i in the numerator of (1.2). The Hilbert space 
is then generated by these free fermions divided by the denominator of the coset (1.2). The 
spectrum may be expressed as 

M = (J) H[a n Am\ ® 7-L[\* N ,k* M ], ^-[AnA m }= © (Aat+m; Aat, Am) , (3.7) 

AnAm A n+m £Q 

where we sum over A n+m € 12 satisfying A l N+M = [A r N+M ) t . Here cd represents the 
transpose of a. See [12, 34] for more details. 

3.2 Chiral primaries 

In this subsection, we study the chiral primaries of the Af = 3 Kazama-Suzuki coset (1.2). 
Among the other generators of the Af = 3 super conformal algebra, the so(3) spin 1 currents 
are expressed by [ 12 ] 

J 3 = l S ab 6 v (* (oi) tf (5i) - , (3-8) 

J+ = , J- = ■ 

The chiral primaries are given by states with h = q/2, where q is the eigenvalue of the zero 
mode Jg. The other states in the same so(3) multiplet may be obtained by the action of 
Jq . See [41] for the representation theory of the so(3) superconformal algebra. 

From the explicit expression of the so(3) spin 1 current J 3 in (3.8), we can see that 
vj/^ ) vj/ul 1 ) have the charge q = 0 , ^(°*) have the charge q = 1/2 and 

have the charge q = —1/2. Therefore, it is natural to expect that chiral primary states can 
be constructed by the action of T and The fermions 'id' 3 '*) are transforming in the 

bifundamental representation for su(iV) © su(M). Utilizing the decomposition (3.1) we can 
construct the state as (adj ;N,M), where adj represents the adjoint representation. We can 
check that the state is a chiral primary with (h,q) = (1/4,1/2). In the left-right Young 
tableaux notation, this state is denoted ((/,/);(/, 0 ), ( 0 ,/)) where / is the (tableaux for 
the) fundamental representation and 0 the trivial representation. The fusions of the chiral 
primary then lead to other chiral primaries which can be labeled as (A; (A*, 0), (0, A r )) with 
A = (A/ A r ) satisfying A ; = (A r ) t . Here we have assumed that M is also relatively large, 
where the comparison to superstring theory is reliable, see [4, 12]. Similarly is trans¬ 
forming in the bifundamental representation of su(iV) © su(M) and is related to (0; N, M) 
or ((0,0); (0, /), (/, 0)) in the left-right tableaux notation and has u = 2. The state is also 
a chiral primary with (h,q) = (1/4,1/2). Taking fusions of the chiral primary, we get other 
chiral primaries of the form (0; (0,H r ), (E/,0)) with H r = (E 1 )*. Considering both types of 
chiral primaries we can generate chiral primaries which are of the form (A; (A/ H r ), (E l , A r )). 

We can confirm that the states (A; (A/ H r ), (E l , A r )) are chiral primaries by computing 
the conformal weight h and the so(3) charge q. From the construction we can see that 
q = ^(|A ? | + |H r |). The conformal weight can be computed as 

= |A*| + |Z r | _ C N ((A l ,Z r )) + C M ((Z l ,A r )) _ (N + M) 2 (|A ? | — |S r |) 2 
' 2 2 (N + M) ANM(N + M) 2 ' 1 ' ’ 
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(3.10) 


For the further computation, it is convenient use that for II = (110 IF) we have [42] 


C L (U) 


C L {U l ) + C L (U r ) + 


n z ||ir 

77 - 


an cl (see, e.g., appendix A of [43]) 


C L {a) 





(3.11) 


where r* and Cj are the number of boxes in the z-th row and in the j-th column, respectively. 
In particular we have 


c n (a!) + C"((A')‘) = i|A'|(JV + M) - Ah _ AE 


We can use the above formulas to show that 

\h l \ + \rJ 


h = 


(3.12) 


(3.13) 


Therefore the states with (A; (A0S r ), (E0 A r )) are indeed chiral primaries. 


3.3 Bulk theory interpretation 

We would now like to interpret these chiral primaries in terms of the dual higher spin theory. 
Let us denote the simplest chiral primaries as 

| Cl ) = |(adj;lV,M)), |c 2 ) = |(0; TV, M)) . (3.14) 

Moreover, the simplest anti-chiral primaries are obtained as \a v ) = Jq\c v ) with r] = 1,2. 
In order to compare them with the bulk fields, we have to combine the anti-holomorphic 
sector as in (3.7). Defining 3 

|ci) = |(adj; N , M)) = |(adj; IV, M)) , |c 2 ) = |(0; N, M)> = | (0; N, M)> (3.15) 

and |a,,) as in the holomorphic sector, we have the following eight fundamental states 

® ID/); | c^) ® |tz^) 5 ^ 1 ^ 17 ) 5 1 ^ 17 } ^ * (3.16) 

Notice that the same r) should be used for the holomorphic and anti-holomorphic sectors 
as in (3.7). We would like to identify them as four complex (or eight real) scalars with 
conformal weight (h,h) = (1/4,1 /4) ; 4 

0n 5 4> 12 j 4> 21 5 022 j (3-17) 

respectively, where we use the notation in (2.5). Fermionic descendants may be obtained 
by the action of a supercharge G 3 l j 2 to the above states, see appendix A for the generators 

3 We need to define the anti-holomorphic currents in a proper way. 

4 The action of Jq is dual to the action of A 3 = a 3 /2 from the left hand side to the matrix [4>\abi 
(2.7). Here we set a 3 = (J _?].)■ 


see 










of the J\T = 3 algebra. These states should be dual to the spin 1/2 fermions ip A B with 
(h,h) = (3/4,1/4). Similarly we obtain states with ( h,h ) = (1/4, 3/4), which are dual to 
4>ab hy the action of G^^- The application of G^^ and G;W 2 to the holomorphic and 
anti-holomorphic sectors simultaneously generates states with (h,h) = (3/4, 3/4), which 
are dual to eight real scalars <p A p associated with the opposite boundary condition. 

Generic chiral primaries may be generated by the fusions of | c v ) and also \c v ) as men¬ 
tioned above. In the dual higher spin theory, they should correspond to the U(M) invariants 
of the products of [(pn] 1 j- In the case of the ABJ triality, a higher spin field p> 1 ■ with MxM 
matrix elements corresponds to a product of bifundamental fields A 1 a B a - in the ABJ theory 
[4], Here the sum over the u(N) index a is taken. A single-string state is known to be dual 
to a single-trace operator tr ABAB ■ ■ ■ AB, and this should correspond to the singlet prod¬ 
uct tr p - ■ ■ p. The corresponding states may be constructed as /3n\v) = C n tiM[{AB) n \\v) 
with a constant C n , see for instance [44], Multi-string states correspond to multi-trace 
operators, and thus the corresponding states may be expressed as 

|ni,n 2 ,...,ni) = PtA ■■■Pli i \ v ) ( 3 - 18 ) 

with M > n\ > ri 2 > • • • > Tii- We would like to identify rij as the number of boxes in 
the j-th column of a Young diagram. A single string state corresponds to the case where 
only m is non-zero, and this means that the representation of su(M) should take the form 
of [0 ni_1 ,1,0,... , 0] for single string states. From the above arguments, we conjecture 
that single string states correspond to the states with (S/A r ) which are of the form as 
-/ = [0^ _1 ,1,0,..., 0] and A r = [0 P_1 , 1, 0, ... , 0]. In other words, the chiral primaries 
corresponding to single-string states have h = q/2 = (£ + p)/ 4 with non-negative integers 
£,p. The states with other ( E l 1 A r ) should correspond to multi-string states. However, we 
admit that the map is actually not so precise since it is known that there should be mixing 
between single-trace and multi-trace operators. So we may use the map just for the purpose 
of state counting. 

Before ending this section, let us comment on a set of important primary states which 
are not chiral primaries. Since the coset model (1.2) and the higher spin theory stay at the 
same moduli point, even non-chiral primaries of the coset model have bulk interpretation 
in the dual higher spin theory. We can see from (3.8) that the first type of fermions in (3.6) 
have q = 0, and the products of these fermions may yield the states of the form (A; A, 0) 
with A £ fi. The conformal weight is 

ft =wW cK+M(A) - c " (A)) ~J(i^ (319) 

for large N. Therefore for finite M the conformal weight vanishes and the corresponding 
states are the so-called “light states” [7, 43]. In the ’t Hooft limit it is argued that they 
decouple from the other states and we can consistently remove them from the spectrum. 
We may regard these light states as duals of non-perturbative geometry dressed with per¬ 
turbative matter [45-50]. When we discuss the relation to superstring theory, we take N, M 
large but keep M/N finite as in [4]. Within this region these states are no longer light and 
it is expected that they are not decoupled from the other states. Since these light states are 
not chiral primaries, we cannot say anything about them from the dual string viewpoint. 
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4 Marginal deformations 


We conjecture that the introduction of finite string tension corresponds to a deformation of 
the critical coset model (1.2). In this section we find the deformations of the coset model 
(1.2) that preserve Af = 3 superconformal symmetry. We introduce the deformations of the 
double-trace type and interpret them in terms of the dual higher spin theory. 

4.1 Marginal deformations preserving AT = 3 algebra 

We will now deform the coset model (1.2) by adding the deformation term 

A S = -f j d 2 wT(w,w) (4.1) 

to the action. Let A(z) denote a generator of the chiral symmetry. Then the corresponding 
symmetry is not broken to first order if the following condition is satisfied (see, e.g., [51]) 

dwT(w,w)A(z) = 0. (4.2) 

Here the integral contour is around w = z and with no other insertions within. This 
condition is equivalent to that the OPE between T(w,w) and A(z) is given by a total 
derivative of some operator. For instance, let A(z) be the energy momentum tensor T(z) 
and T(w,w) a primary operator of the conformal dimension A. Since we have 

A T(w,w) d w T{w,w) (A-l )T(w,w) (T{w,w) 

T(z)T{w,w) ~ — -rj- +-=-7-72-+ < 9 w - 

[z — w) z z — w (2 — w) z \ z — w 

the deformation preserves conformal symmetry (or the deformation is marginal) only if 

A = 1. 

In subsection 3.2 we found several (h, q ) = (1/2,1) chiral primaries with |A^| + |E r | = 2. 
Inside the Af = 3 multiplet that contains such a chiral primary there is an operator with 
(h,q) = (1,0), and we would like to show that these generate exactly marginal defor¬ 
mations preserving the Af = 3 supersymmetry. Let us denote a chiral primary with 
(h,q) = (1/2,1) by and the generators of the AT = 3 superconformal algebra by 
{L n , G“ +1 / 2 , Jni ^n+ 1 / 2 } with a = 1,2,3 and n € Z, see appendix A. We may construct 
an Af = 3 multiplet from <!>(!) by the action of the supersymmetry operators {Gf Jq }, 
whose commutation relations are 

[Jl Jo ] = ^'^0 j ) *^0 ] = ^Jo ! (4-4) 

K*. o 3 - 1 / 2 ] = =F<4, /2 , [J*, GZ 1/2 ] = ±2G 3 _ 1/2 . 

where we have defined 

Jn = Jn J- iJn > ^V+l/2 = ^n+1/2 =*= ^n+1/2 • ( 4 -5) 

In the AT = 3 multiplet we define the operators in the spin 1 representation of so(3) algebra 
as 

$ (i)> *(o) - -/^(D - $ (-i) = 2 ^ J o") 2$(1 ) > ( 46 ) 
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which in particular satisfy 


G - 1/2 ^ (1 ) =0> G: i/2 ^ ( _ 1) = 0. (4.7) 

In other words, <&(_]/) is an anti-chiral primary. 

With this notation, we would like to propose that the deformation by the operator 


r =- g: 1 / 2 * ( i> ( 4 . 8 ) 

preserves the AT = 3 superconformal symmetry. Here we suppress the anti-holomorphic 
structure. What we will explicitly show in the following is that the condition (4.2) is 
satisfied by all the generators of the Af = 3 superconformal algebra, ensuring preservation 
of the algebra at linear level. First of all, we can show that this operator is singlet under 
the so(3) algebra as 

J^T = o) — 2 G-i/2^(i) = 0 1 (4-9) 

J 0 T = — 2 G ?3 _ 1/2 $(_ 1 ) - v / 2 G'_ 1 / 2 4 >( 0 ) = 0 

from which also follow that JqT = 0. In the above equations, we have used (4.4), (4.6) and 
(4.7). 

The Af = 3 superconformal algebra includes the Af = 2 superconformal algebra as a 
subalgebra generated by e.g. G±. The proposed form of deformation is known to preserve 
J\T = 2 superconformal symmetry, as we will now show explicitly. We can compute 


GV= / 2 Gi 1 / 2 *< ± i) = T{G± / 2 ,G! 1/2 }® (±1 ) = =F 4 L_, 4 > (±1| = =F 4 a 4 > (±1) , 
G l/2 T = T G l/2 G tl/2 4 (±l) = r{Gf /2 , G^ 1/2 }® (±1) = T(4L 0 ± 2J 0 )*(±1) = =F4* (±1 ), 


where we have used the commutation relations in appendix A. We thus have 


n ±, , T , ^ 4< 4>(±i)M 4a$ (±1) («7) d /4$ (±1) (u>)\ 

G ± (z)T{w) ~ =F ( ^ \ 2 =F-—-= Tw— ——- ■ 

[z — w) z z — w ow \ z — w J 


(4.10) 


Therefore, the AT = 2 subalgebra has been shown to be preserved to the first order. Since the 
conformal dimension of the deformation operator T is one, the deformation is marginal to 
the first order. Actually it was shown that the deformation preserves conformal symmetry 
to all order of the perturbation (i.e. the deformation is exactly marginal) [52], see also 
appendix A of [53]. 

Finally we check the symmetry generators not included in the AT = 2 sub-algebra. For 
^f(w) we can see 


^l/2T — {4'l/2 ! — 1^1/2) G'_ 1 ^ 2 }4>( 1 ) — 4 — J 0 $(!) — 0, (4.11) 

which means ^(w)T(z) ~ 0. For G 3 (w) we notice that 

G -1/ 2 ( J 0-) 2 4>(1) = ([G+ 1/2 , 4}4 + J 0 G -i/2 J 0 ) *(1) ( 4 - 12 ) 

= (2G 3 _ 1/2 J 0 + J 0 [G+,y 2 , J 0 ]) ^(i) = (4G 3 _, / 2 J Q +2[J 0 ,G 3 1 ^ 2 ]^ ^(r) 

= (4 G 3 _ i / 2 Jq + 2 ^—1/2) ^(1)) 
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which leads to 


T = 2V2G 3 _ 1/2 $ {0) . (4.13) 

Since we have 

C 3 . 1/2^1 1 / 2 $(o) = -k-i^(o) = <9^(o) > G\/ 2 G ? '_i/ 2 $>(q) = 2L 0 <h(o) = 3>( 0 ), (4-14) 

we can show that 

3 2v/24* (0) (u;) 2\/2<9«4> ( o )M 9 / 2\/2$( 0 )(u;) 

G (z)T(w) ~ — ? -To + - = T— - 

(z — w) z z — w ow \ z — w 

In this way, we have shown that the deformation by the operator (4.8) preserves the J\T = 3 
superconformal symmetry to the first order of the perturbation. 

4.2 Double-trace deformations 

As we saw in last subsection, we can construct operators generating deformations preserving 
the J\f = 3 superconformal symmetry by using chiral primaries with (h,q) = (1/2,1) 
and equation (4.8). There are several choices of <3?^), but we will be interested in those 
given by a product of two operators. There are two types of the simplest chiral primaries 
\cq) with (h,q) = (1/4,1/2) given in (3.14) and we now introduce operators Q1/2) creating 
these states i.e. \c 7} ) = £|/ / 2 ) 10) ■ Combining with the anti-holomorphic sector, we have two 
operators dual to two real BPS states with alternative quantization (j)\ 1 = <f>\^ + in 
(3.17). From the simple product of these operators we can construct the chiral primary 
$(i) with (h,q) = (1/2,1) since the product of chiral primaries does not have any singular 
terms, as explained in [54]. In the following we consider the case with 

$(i) = £(l/2)£(l/2) , (4-16) 

where £( 1 / 2 ) is £(1/9) or ^fi/ 2 )' We wou ld like to regard the deformation operator (4.8) 
constructed using (4.16) as a double-trace deformation, which has a dual interpretation as 
a change of boundary conditions for bulk fields. For this purpose we need to rewrite the 
deformation operator (4.8) in a suitable way. 

The marginal deformation T in (4.8) is given by ^(± 1 ) with the action of supercon¬ 
formal generators, and we would like to clarify the role of these generators. We write the 
doublet £( 1 / 2 ), £(— 1 / 2 ) = <^cT£(i/2) i n the spin 1/2 spinor representation. Via the action of 
the superconformal generators, we define the following operators with (h,q) = (3/4, ±1/2) 
as 

£( 1 / 2 ) = » £(— 1 / 2 ) = ■^ G 'Ii/ 2 £(i/ 2 ) • (4-17) 

The normalization is chosen such that the norm for £( ±1 / 2 ) is the same as that for £(± 1 / 2 ) - 5 
Combining the anti-holomorphic sector, we introduce 

= £(3/2 -A) ® £(3/2 -B) j O’ = £( 3/2 -A) ® £(3/2 -B) > ( 4 -18) 

F AB = £( 3/2 -A) ® £( 3/2 -B) i = £( 3 /2 -A) ® £( 3 / 2 -B) • 

5 Let us define | c'} = £(i/ 2 )|0). Then we find (c'|c') = l(a|G“/ 2 G(( ] y 2 |a) = 4(a|(4Lo — 2Jo)|a) = (a|a). 
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As explained in subsection 3.3, O a ^, Q' AB are dual to scalar fields with the alternative 
and the standard quantizations 4>ab, <j>ABi respectively. Moreover, ,J- ,AB are dual to 
spin 1/2 fermionic fields V’ab; V’ ab■ Indeed, since we have 

£(1/2) = y^I^-1/2’^0 ]£(l/2) = v/ 2 ( ^-1/2^(1/2) i (4.19) 

£(-1/2) = 1/2’ ^0~]£(-l/2) = V / 2G'’ 3 _i/ 2 C(~1/2) i (4.20) 

we can show that 

£(i/ 2 ) = o"’ ^-i/2]£(i/ 2 ) = - ^o"?(-i/ 2 ) ’ (4-21) 

£(-1/2) = _ ‘y|[ G -l/2’' / 0 ]^(—1/2) = Jo £(1/ 2 ) ’ 

which implies that the doublet £(± 1 / 2 ) I s in the spin 1/2 spinor representation. 

With the above preparations, we can now rewrite the marginal operator in (4.8) as 


T -l(£(l/ 2 )£(-l/2) + £(-l/2)£(l/2) - £(-l/2)£(l/2) “ £(l/2)£(-l/2)) 
® (£(l/ 2 )£(-l/2) + £(-l/2)£(l/2) “ £(-l/2)£(l/2) “ 1(1/2)£(-1/2)) 


z \tACf-BD 


q/ABqCD _ j _ jt/AB j-CD 


(4.22) 


by combining the anti-holomorphic sector. In the above expression, we have changed the 
overall normalization such that deformation from equation (4.1) takes the form 


f 

AS = — — (-AC^-BD 


= -ftAC^BD / d 2 X 


s 

/■ 


d 2 w 


q/ABqCD _|_ 'p-tAB j~(J£) 


q/ABq(JE) ^ ^piAB~p(JE) 


(w, W ) 

(xi,x 2 ) 


(4.23) 


Here we have changed the worldsheet coordinates as w = x\ + ix 2 , w = x\ — ix 2 . As in [25] 
and appendix B, the deformation has a natural interpretation as the change of boundary 
condition for the dual bulk fields. This leads us to think of the deformation as double-trace 
type even there is no trace in the operators O, O', J 7 , J 7 '. 6 


5 Symmetry breaking in the coset model 

In the previous section, we obtained the operator (4.8) which preserves the Af = 3 super- 
conformal symmetry of the coset model (1.2). It is natural to expect that the deformation 
breaks higher spin symmetry generically. In the large N limit, we show that a certain spin 
2 current is not conserved anymore. This implies the breaking of generic higher spin sym¬ 
metry since operator products with the spin 2 current generate other higher spin currents. 7 
The breaking of higher spin gauge symmetry should thus also occur in the dual bulk theory 
and this will give rise to the Higgs mass of higher spin fields. We will now calculate the 
anomaly of the spin 2 current and use this to compute the mass of the dual spin 2 field. 

6 This name can be supported by the property of large N factorization for these operators. This property 
is assumed here, but it can be shown as in [55]. 

7 It is important to confirm the breaking of generic higher spin symmetry in a direct way. 
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5.1 Symmetry breaking 

We start from a generic situation with a spin s current „4/ s )(z). Here s = 2,3,4,... for 
bosonic currents and s = 3/2, 5/2,... for fermionic currents. The corrections of the chiral 
symmetry current to the first order in the perturbation can be computed from 

A^ s \z)f j d 2 wT(w,w). (5.1) 

( s \ 

Let us assume Ar T = 0 for r > 0, then the operator product can be expressed as 


[«-i] 


a {s \z)t{w,w) = y 


(5.2) 


Here [f] is the biggest integer number less than t. Acting with the derivative dz, we have 

dzA {s \z)T{w,w) = 2vr Y ^—d l J [2) (z ~ w)(A ( °l + i+\T){w,w), (5.3) 

1=0 


where we have used dz(z — w) 1 = 2it 5(z — w). From (5.1) we can read off the non¬ 
conservation of the chiral symmetry current as (see, e.g., [56]) 


[«-i] 

dzA( s \z,z) = 2irf Y 
1=0 


-i y 


d l z (A { "l +l+1 T)(z,z). 


(5.4) 


When the right hand side vanishes, (4.2) is satisfied and the current is still holomorphic. 

Along with the energy momentum tensor T, the Kazama-Suzuki coset (1.2) would 
have spin 2 currents T a (a = 1,2,3) in the adjoint representation of so(3). We then focus 
on a specific example with a spin 2 current T 3 , which may be effectively expressed as a 
composite operator T 3 = 2 TJq in the large N limit. 8 * * We will see it convenient to use linear 
combinations 

T 11 = ^(T + T 3 ) = TP + , T 22 = \{T — T 3 ) = TP_ , P ± = ^(1±2J^) (5.5) 

instead of T 3 itself. The central charges of T 11 and T 22 are 

ci = c 2 = |, (5.6) 

respectively. Now the deformation operator in (4.22) is written in terms of operators defined 
in (4.18), and the deformation operator consists of the following type of terms as 

AS = J d 2 wlC {l) ]C( 2) (w,w). (5.7) 

8 We propose this from the fact that there are four dual spin 2 fields (or gravitons) which are 

U(M) singlets. The trace element should be dual to T, while the element proportional to a 3 should be dual 

to T 3 . See also footnote 4. 


14 - 






The operators are JC^ = O' 1 **, O n ^, E 1 **, E"^ (B = 1,2) and /CW has non-trivial OPE 
only with T n . Denoting the conformal weight of KW by (hi, hi), we have hi, h 2 = 1/4, 3/4 
with h\ + h ‘2 = 1, and similarly for hi. Notice that there are no = 4 terms with bosonic 
operators and n \/ 2 =4 terms with fermionic operators. We use T n instead of T 3 since now 
the system for the bosonic sector can be identified with the one analyzed in [29, 30], and 
we can utilize their analysis. 

With the above definitions get the following OPEs 


T n (z)/C ( 1 ) /C ( 2 ) (u;,u;) 

T 22 (z)JC {1) 1C( 2) (w,w) 


h\K^K^ 2 \w, w 
(z — w) 2 

(w, w 
(z — w) 2 


) (B1C < E > )1C < ^ ) (w,w) 

+ z-w 

(5.8) 

) JC^\BIC^)(w,w) 
z — w 

(5.9) 


Using the generic expression in (5.4), we can rewrite them in terms of current non-conservation 
as 


BT u = tt/[(5/C ( 1 ) )/C (2) - hxd^K .^)], (5.10) 

dT 22 = TTflJC^idJCW) - h 2 5(/C ( 1 ) /C (2) )]. (5.11) 


Therefore we have 

BT = 0, dT 3 = 2^/[h 2 (3/C ( 1 ) )/C (2) -hi/C ( 1 ) (5/C (2) )]. (5.12) 

The first equation just means that the conformal symmetry is preserved at the first order 
perturbation as seen in the previous section. The second equation indicates that the spin 
2 current T 3 is broken by the marginal deformation (5.7). 


5.2 Higgs mass from the dual CFT 

In order for a higher spin gauge field to acquire a non-zero mass, it should swallow the 
degrees of freedom from the Goldstone modes. Let us consider a generic d dimensional 
CFT with higher spin symmetry. Without deformation, higher spin currents are conserved 
as B ■ J^ = 0. After the marginal deformations, the higher spin currents are generically no 
longer conserved and satisfying 

B-J^ = aO^. (5.13) 

The divergence of currents are related to another set of operators O and this is dual 
to the phenomena that the massless gauge fields acquire extra degrees of freedom by the 
Higgs mechanism. In our example, the operator O is given by a double-trace type as in 
(5.12), and this is related to the fact that the higher spin symmetry is broken only slightly 
as in [57]. 

The Higgs mass of the higher spin held can be read off from the anomalous dimension 
of the higher spin current j( s L We denote by Lmn the generators of so(2 ,d) that is the 
isometry algebra of AdS^+i- A bulk particle can be classified by the representation of the 
subalgebra so(2) © so(d) as (£^ 0 , 7 ). The second Casimir is (see, e.g., [58]) 

Q = \l 2 mn = E 0 (E 0 -d) + 2 C 2 d ( 7 ) = Mi , (5.14) 
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where Eq corresponds to the conformal dimension of dual operator i.e. Eq = A and C 2 (7) 
is the value of the second Casimir for the representation 7 of so (d). For instance, C 2 = 
s(d+s — 2) for the s-th totally symmetric representation. A bulk held satisfying its equation 
of motion is given by the eigenfunction of the Casimir operator Q with eigenvalue M^, see 
also appendix C.3. The eigenvalue is not the mass square for bulk held and the 
contribution from AdS curvature should be extracted. From the unitarity bound we know 
that A = d + s — 2 for the conserved current with spin s, and this leads to M^ +s _ 2 = 
(d + s — 2) (2s — 2) for the dual massless higher spin held. Subtracting this value, we have 

Mf s) = A(A - d) - (d + s - 2)(a - 2). (5.15) 

This is the formula we will use to compute the Higgs mass. 

The anomalous dimension A of the higher spin current J ^ may be computed in the 
following way. As in appendix A of [57] (and section 2 of [29] for s = 2 ) we have 

\d- J (s) | 2 oc (A-s-d + 2 )(jW|J (s) ). (5.16) 

Since the RHS of (5.13) leads to 

|aC >( s-1 )| 2 = a 2 (C>( s- 1 )|C>( s-1 )}, (5.17) 


we can obtain A by equating the above two equations. 

We apply the above method for d = 2 and a spin 2 current T 3 with 


(h,h) 


/A + 2 A —2\ 

) ' 


(5.18) 


Here A = 2 for the conserved energy momentum tensor and we expect A / 2 after the 
deformation. First we obtain 

|<9T 3 | 2 = (T 3 |L_!Zi|T 3 ) = 2(T 3 |L 0 |T 3 ) = 2 • —^ |, (5.19) 

where we have used (T 3 |T 3 ) = c/2. Computing the right hand side of (5.12), we have 

(A ~ — = (27r/) 2 (2/i?h 2 + 2h 2 2 h 1 )N 1 N 2 (5.20) 

with (/C«|/CW) = Ni. We set ^ 1=^2 = 1/(2tt) from (B. 8 ) and (B.24), which are used for 
the operators dual to the bulk fields with standard kinetic terms. At the leading order of 
/ 2 , the formula (5.15) becomes M( 2 ) = 2(A — 2). Since /C^ could be a spin 1/2 operator, 
we have totally the generated mass as 

-^( 2 ) = + n i/ 2 ) (5.21) 

with no = n\/ 2 = 4. 
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6 Higgs phenomenon in higher spin theory 


In this section we reproduce the mass obtained in (5.21) for spin 2 field dual to T 3 from 
the bulk side. As explained in section 2 the bulk fields are of a 2 M x 2 M matrix form, 
and we consider singlets under the U(M) subgroup denoted by (A, B = 1,2) defined 
in (2.5). Thus, we can think of these as being of 2 x 2 matrix form and we have additional 
multiplications with 2x2 matrix algebra. We need to know how spin 2 fields are coupled 
with scalar fields or spin 1/2 fermions. The coupling may be read off from the equations of 
motion in (2.7). Here we should notice that the Vasiliev theory is given in the franre-like 
formulation with fields of the form as yj^ ai --- as - 1 w ith one vector index and s — 1 Lorentz 
indices. For our purpose, it is convenient to move to the metric-like formulation with the 
fields having the form with s being vector indices. We can use the map 

1 Afj, a )ai...a s -i ( 6 - 1 ) 

with as the background vielbein at the linearized level. Without the CP factor, the spin 
2 field is just the graviton field h^ v in the metric-like formulation, and we know that the 
graviton is coupled with matter fields through the bulk energy momentum tensor T /tl/ as 
Here we have used k 2 = 8itG]\[ with the Newton constant G at. 

The effects of CP factor can be read off from the equations of motion in (2.7). A spin 2 
field [h^,p\ A g is multiplied to a matter field from right hand side (or from left hand side). In 
the deformation operator in (5.7), the (11) component operator is always paired with (22), 
and similarly (12) is always paired with (21). From the rule of multiplication we can see 
that [hfj, u \n couples only one of the dual paired fields (Sn, S 22 ) or (^ 12 ,^ 21 ) and [h ^]22 
couples the other one. We denote by T 1 ' 1 ' 1 and T ® the bulk energy momentum tensors 
that couple with [h^n and [h^^, respectively. We can think that [h^ u ]u and [h ^ u \22 as 
metric fields for two different AdS spaces, and the paired matter fields live in the different 
spaces. Therefore, we can again identify our set up as the one in [29, 30]. The computation 
is summarized for the bosonic case and extended to the fermionic case in appendix C. 

Using the result in (C.33), the mass of the spin 2 field dual to T 3 is computed from the 
bulk theory as 

^(2) = f 2 ~^~( n o + ^1/2) (6-2) 


for our setup with (d, dim) = (2,2). It is known that the central charge is related to the 
Newton constant as (see also (5.6)) 


3 

2 Gn 



(6.3) 


as explained in [59-61]. From the relation, we can conclude that the mass from the bulk 
theory in (6.2) is exactly the same as the mass from the CFT in (5.21). 


7 Conclusion 

In this paper, we have studied the deformations of the Kazama-Suzuki coset model with 
J\T = 3 superconformal symmetry in (1.2). We found that the deformation preserving the 
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J\T = 3 superconformal symmetry should be of the form as in (4.8) with a chiral primary 
having (h,q) = (1/2,1). We set the chiral primary to be the product of two chiral 
primaries £( 1 / 2 ) with (h,q) = (1/4,1/2) as in (4.16). Then the deformation can be regarded 
as being of the double-trace type as is seen in (4.22) or (4.23). 

Further, we have shown that in the large N limit a spin 2 symmetry is broken by 
the deformation and this implies that the generic higher spin symmetry is also broken. 
The coset model in (1.2) is proposed to be dual to a higher spin gauge theory in [17]. 
The double-trace type of deformation is dual to the change of boundary conditions for the 
bulk scalar and spin 1/2 fields. This change is also expected to break higher spin gauge 
symmetry, and the breaking would generate the mass for the higher spin gauge fields. We 
have computed the Higgs mass of a spin 2 held in (5.21) from the coset model and also in 
(6.2) from the bulk higher spin theory. We can show that the two expressions match by 
using the parameter mapping of the AdS/CFT correspondence. 

An immediate question would be what happens for higher spin fields with s > 2. In this 
paper we have studied a spin 2 held as a simple example and expected that a similar story 
holds also for generic higher spin helds. However, this is something we have to confirm. 
The bulk computation seems to be too complicated to generalize, but the CFT computation 
looks to be tractable. In fact, we have already obtained partial results on the Higgs masses 
for generic spin helds at the leading order of 1 /c using the bulk/boundary correspondence. 
We would like to report on these results in near future [62]. 

We have investigated the holographic duality proposed in [12] because of the connection 
to superstring theory. Thus the most important task may be to understand the meaning of 
the marginal deformation for the coset model (1.2) in terms of superstring theory. It should 
be related to the introduction of non-zero string tension, but the precise interpretation 
is unclear so far. In order to do so, we need to investigate the moduli space of the dual 
superstring theory. For example it should be checked whether the superstrings on AdSsxMy 
with M 7 =SU(3)/U(1) or SO(5)/SO(3) are really related or not. The meaning of parameters 
for the moduli space should be understood. It should be helpful if we can find the brane 
construction yielding the string background in the near horizon limit. 

I 11 order to obtain the physical meaning in terms of superstring theory, it might be 
better to utilize the other trialities presented in [4, 8-10]. The relation to superstring 
theory is well understood in the ABJ triality of [4]. Thus it is worth studying the Higgs 
phenomenon in that case though the computation should be quite involved. For instance, 
we should study the loop effects of gauge fields with spin s > 1. In this sense, it might be 
easier to study the low dimensional holography with J\f = 4 superconformal symmetry in 
[8-10]. However, it is not a simple task to see how higher spin fields are mapped to strings 
in their holography. Probably it would be useful to examine similarities and discrepancies 
among the different types of triality. 
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A Af = 3 superconformal algebra 


The generators of Af = 3 superconformal algebra are the energy momentum tensor T(z), 
the superconformal currents G a (z), the so(3) currents J a (z) and a spin 1/2 fermion 'i'(z), 
where a = 1,2,3. The OPEs are (c = 3k) 


T(z)T(w) - 
G a (z)G b (w) 
J a (z)J b (w ) 
^(z)G a (w) 


c/2 2 T(w) dT(w) 

(z — w) A (z — w ) 2 z — w ’ 

2c/35 ab 2 ie abc J c {w) 25 ab T{w) + ie abc dJ c {w) 


+ 


(z — u >) 3 (z — w) 2 
kd ab ie abc J c (w) 


+ 


z — w 


(A.l) 


(2 — w ) 2 z — w 

z — w 


J a (z)G b (w) 


5 ab V(w) ] ie abc G c (w) 
(z — tc ) 2 z — w ’ 


z — w 


The mode expansions of these generators are expressed by {L n , G“, J“, 'L r } with n € Z and 
r € Z + 1/2. The commutation relations are 

[d-'m: T n ] — y^777.(?7Z T (uT 77.)Z/ m _|_ n , 

^ ^r 2 - ^ 6 ab 6 r+s + 2h afc L r+s + (r - s)ie abc J c r+s , (A.2) 

Ki = km5 ab 6 m+n + ie a ;, c J(/ +n , [J,“ , G>] = m<5 a6 'k m+r + ie abc G c m+r , 

{T r , G“} = J“ +s , {T r , T s } = fc<S r+s . 


B Double-trace deformations and holography 

In this paper, we encounter deformation of the double-trace type with operators which 
have scale dimension Aj with Ai + A 2 = cL. The operators are dual to fields with the same 
mass, but with different boundary conditions. This type of marginal deformation was firstly 
discussed in [25] and appears also in the context of ABJ triality [4]. We first consider the 
case with bosonic operators Oi(x). The deformation is given by 

S' = -f J d d x0 1 (x)0 2 (x ). (B.l) 

Then we move to the case with fermionic operators J~i(x). In that case we consider the 
following deformation 

S' = -f j d d x(Ti(x)T 2 (x) + Fi(x)f 2 (x )). (B.2) 

In this appendix we relate these marginal deformations to the changes of boundary condi¬ 
tions for the dual bulk fields. We mainly follow the arguments in [4], see also, e.g., [31, 32]. 
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B.l Bosonic case 


We use the Poincare coordinates of Euclidean AdS^+i, whose metric is 

2 _dz 2 + Eli dx 2 


ds z = 


(B.3) 


Here we set the AdS radius equal to one. In these coordinates, the boundary is at z = 0. 
The action for a real scalar propagating on AdSd+i is given by 


S =IJ d<i+lx Va • (B.4) 

The mass m 2 includes the contribution from the coupling with the background curvature. 
We consider the case with —(d 2 /4 — 1) > m 2 > —d 2 / 4. The conformal dimensions of dual 
operators are given by 


a ± E±c { = 


d 2 


+ m 2 . 


Near the boundary z = 0, a general solution to the equation of motion behaves as 

</> = az d / 2 "« + . 

"S 

We assume the regularity at z = oo, which relates a and /3 as 

P(x) = J d d y G^ + (x - y)a(y ), 


where 


Ga(x-v) = 




\x - y | 


2A 5 <t> 


N?=tt 


___ d/2 (2A-d)T(A) 
T(A — d/2) 


(B.5) 


(B.6) 


(B.7) 


(B.8) 


Since the metric diverges at z = 0, we introduce a cut off at z = e. Then the on-shell 
action is evaluated over the boundary as 


S = — 


J d d xe 1 ~ d 


(j)d z (t), 


(B.9) 


and it diverges as e at e —>• 0. In order to remove the divergence we introduce the 
boundary action 


/' 


6S = i / d d xe~ d 


d 




(B.10) 


and then we have the finite action as 


S + 5S = —~ / d d x a(x)/3(x). 


(B.ll) 
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We obtain the standard normalization in the above expression due to the 2£ factor in (B. 6 ). 
As in the appendix C of [4], we will use an abbreviated notation as S = — \otfa which may 
be written as 

S = ~aGfa (B. 12 ) 

using (3 = Gf a in (B.7). 

We consider fa with the alternative quantization and (f> 2 with the standard quantiza¬ 
tion, and 0\ and O 2 as their dual operators. Near z = 0, we assume the boundary behaviors 
as 

(f>\ = ^-z d / 2 ~Z + faz d ' 2 ^ , fa = a 2 z d / 2 ^ + ^z d / 2+ t. (B.13) 

2 ^ fa 

The expectation value of 0\ corresponds to aq, while the expectation value of 0 2 corre¬ 
sponds to fa. We are considering the double trace deformation in (B.l). Since (B.12) is 
written in terms of ct, we need to perform a Legendre transform for a 2 . Introducing the 
sources Jj, the boundary action after the deformation may be written as [4] 

S = — -(2£) 2 oqG f oq — -a 2 Gf a 2 + at 2 /3' 2 — J\ol\ — J 2 fa — faifa ■ (B.14) 

On-shell we have fa = fa- The two-point functions without the deformation (i.e., with 
/ = 0 ) can be computed from the boundary action as 9 

(Ofax^fay)) = -(2 0 2 (O _1 = G i~ > {0 2 {x)0 2 {y)) = Gf . (B.15) 

Examining the equations of motion, we have 

J 2 = —fai + a 2 , Ji = —fa — ffa- (B.16) 


Setting J\ = J 2 = 0, we obtain the deformed boundary conditions for the fields fa and fa. 
Rotating the fields, we define 


fa 


1 1 {fa + ffa), fa = 1 + fa) 

aA + Z 2 v i + Z 2 


(B.17) 


with / = 2£/. Then the new fields fa have the same boundary condition as fa before the 
deformation. Utilizing the new fields fa the two-point functions among fa can be read off 
as [63] 


r ij = _J_ ( Gf + f 2 Gf + fCf - /Gf \ 
* 1 + Z 2 \f~Gf- - f~Gf + Gf + / 2 Gf J 


(B.18) 


Here Gf is the propagator of scalar field with dual dimension A before the deformation, 
and its expression is given in (B. 8 ). 


In order to compute the expression of (G^ + ) 1 , it is convenient to work with the momentum basis by 


using the formula f d d x 


exp (ik-x) c)d—2A^d/2 T(d/2— A) | ;„|2A — d 

|z|2A - * n T(A) \ K \ 
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B.2 Fermionic case 


We need expressions similar to (B.18) for the the deformation with fermionic operators in 
(B.2) as well. A similar analysis can be found in [32]. Let us denote T a for Euclidean 
so (d + 1) Gamma matrices with {T a , T b } = 2 5 ab and set T z = r d+1 . The action for a Dirac 
fermion propagating on AdS^+i is 

S = J d d+1 x V# - m\^ . (B.19) 

We consider 0 < m < 1/2. The conformal dimensions of dual operators are 

A± = d/2 ± m . (B.20) 


Near the boundary 2 = 0, a solution to the equation of motion may behave as 

xl) = xz d/2 ~ m + (z d/2+m (B.21) 

with 


r*x = -x, r 2 c = C- 


(B.22) 


Regularity at z = oo relates x and C as 

C(x) = J d d yG^ + (x - y)x(y), 

where 

A K T -( X ~y) N A = —d/2 r(A + 1/2) 

^ \x — y| 2A+1 ’ ^ T(A +1/2 — d/2) 


Notice that these equations are consistent with the assignment in (B.22). 
The on-shell action at z = e is 10 

S = ~ f d d xe- d $r z il >, 


(B.23) 


(B.24) 


(B.25) 


which diverges as e 2m as e-> 0. We introduce the boundary action 

SS = ~ J d d xe~ d ^ (B.26) 

as in [32], then the on-shell action becomes 

S + 5S = - J d d x X (x) C(x). (B.27) 

This may be written as S = ~xG^ + X hi the abbreviated form from £ = G^ + x hi (B.23). 

10 Note that the Gamma matrices on AdSd+i are defined as { 7 ^, 7 ^} = 2 g^ 1 '. Related to the so (d + 1) 
Gamma matrices, we have, for instance, -y z = zT z . 
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We consider ifi dual to the operators J-%. Near z = 0, we assume 

A = Xiz d/2 - m + Ciz d/2+m , r z Xi = - Xi , r*Ci = Ct, (b.28) 

where the expectation values of T\ and J-i correspond to xi and C 2 9 respectively. The 
deformation is now as in (B.2). With the sources , the action becomes 

5 = - xiGfxi - X2Gf X 2 + X2C2 + C2X2 (B.29) 

- mxi - xm - V2C2 - (2V2 - fix 1C2 + C2X1), 

where we have — C2 and C2 = C2 on-shell. The two-point functions before the deformation 
are 

(JVxVVy)) = -{Gfr 1 = Gf , (Mx)My)) = Gf . (B.30) 

Examining the equations of motion, we have 


V2 = ~fx l + X2 , m = “Cl - /C2 


(B.31) 


and their barred expressions. Using the rotated fields 

& = /-?—= (V>i + fih), ^2= /-!—= (~M +^2), (B. 32 ) 

yi + Z V 1 + /“ 

the two-point functions among ifi can be read off as 


r « = _J_ / Gf + / 2 Cf /Gf - /Gf \ 
* 1 + / 2 (/Gf - /Gf Gf + / 2 Gf 1 


(B.33) 


Here is the propagator of the spinor field with dual dimension A before the deformation, 
and its expression is given in (B.24). 


C Higgs mass from bulk matter loops 

In section 6 , we have shown that the computation for the Higgs mass of a spin 2 field can 
be reduced to the one in [29, 30] for the case with scalar loops. In this appendix we review 
their analysis and extend it to the case with spin 1/2 fermion loops. 

C.l Setup and prescription 

As in [29, 30] we prepare a product of two d dimensional CFTs with energy momentum 
tensors and We only consider the case where their central charges are equal as 

ci = C 2 • The product theory is deformed by the following marginal operator as 

-/ J d d xO W 0 { - 2) , (C.l) 

where the operators O B) and O^ 2 ' 1 live in the different CFTs. We denote the field dual to 
as <//*). In this paper, we consider only massless scalars conformally coupled to the 
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graviton, and in our case the dual conformal dimensions are A^ 1 ' 2 * = (A^ 1 ) + A* 2 ' = d). 

The deformation is dual to the change of boundary conditions for the bulk fields as seen in 
appendix B, and this would lead to the breaking of higher spin gauge symmetry generically. 
We study the mass of bulk spin 2 fields generated due to the symmetry breaking. 

We consider spin 2 fields dual to the boundary energy momentum tensors = (T^ 1 ) ± 
T( 2 ))/\/2. As discussed in [26, 27, 29], the generated mass can be read off from the two-point 
function of bulk energy momentum tensors T± u = {tjiJ ± T$)/V2 ; 

(f±(x)f± vl (y)) (C.2) 

= \ ((TW(x)fW,(y)) ± (f$(x)fjtl(y)) ± (f$( x )fW,(y)) + <T$(x)T$,(i,)>) . 

The bulk energy momentum tensor is written in terms of bilinears of (j)^ as in (C.25), 
and the two-point function ( T^,} (x) T^, (y)) can be computed by using propagators 

G l <j> = a A-G§ + «a + &§ (C-3) 

in (B.18). Therefore, the two-point function has terms proportional to (a^+) 2 , a/±+a^- 
and (oa~) 2 - We already know that the mass is not generated without the deformation, 
and this fact implies that there is no contribution from the terms proportional to (ua+) 2 
and (aA”) 2 - Therefore, we only need to take care the term proportional to oa+oa-- From 
(B.18) we have 

„11 _11 _ ,,22 22 _ 12 12 _ 21 21 _ 72 /p A \ 

a A+ a A~ ~ a A+ a A~ ~ a A+ a A~ ~ a A+ a A~ ~ J 

up to the order f 2 . Therefore, we can conclude that there is no mass generated for the spin 
2 held dual to T+ = (T^+T^)/V 2. For the spin 2 held dual to T~ = (TW - T^)/V 2, 
we just need to compute one of the four terms, say (T^) (x)T^,(y)), and then multiply 
factor —1/2 • 4 = —2. This prescription can be found to be the same as that in [29]. 

We also consider the following deformation 

-/ J d d x(T {1) T {2) +T W ^ 2) ), (C.5) 

where the operators J-'-' 1 ' are spin 1 /2 spinors. We consider only massless fermions, and the 
dual conformal dimensions are A^ 1,2 ^ = d/2. The arguments in the bosonic case hold also 
for the fermionic case. The bulk energy momentum tensor is given in (C.27) below in this 
case. No mass is generated for the spin 2 held dual to T + = ( T W +T^)/\/2 and the mass 
for the spin 2 held dual to T - = ( [T W — T^>)/y/2 can be computed from (T$)(x)T^ u ,{y)) 
with the multiplication of a factor —2. 

C.2 Coordinate system and bi-tensors 

We would like to compute the corrections of the mass of a spin 2 held induced by the 
one-loop effects of matter helds. As mentioned above, we need to compute the two-point 
function (7) il/ (x)T) i / v /(y)) of the bulk energy momentum tensors. We use y, v and y! ,z/ for 
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tensor indices at x and y, respectively. In a maximally symmetric space-time, the two-point 
function may be decomposed by the following bi-tensors [64, 65] 

24 • 2T 2 1 

2 3 — f!jiji'Huu' 4“ flitv' fluii' j 2-4 — hz/ 4“ g^'u' > (C.6) 

24 — fi'u'R'v' 4 ~ 4 ~ 4 ~ 9i/fi'fi'fjfij/ . 

We use h a = V a p, as unit vectors tangent to the geodesic from x to y, where p is the 
geodesic distance. Moreover, g^,/ is the parallel propagator defined in [66]. We can compute 
quantities involving these objects by making use of the rule in table 1 of [66] or table 1 of 
[65]. 

With the above bi-tensors, we define the following three traceless bases as 

2\ = g^prz jr^y^ 1 + (^ + - (d+ 1)24), 

T2 = ~\ Xl + d ~ir X2 + ¥ 3 + \ Xi + \ l5 5 (c - 7) 

T 3 = ^(4X 2 +X 5 ). 

Here z = — cosh/2. We choose the above three bases such that the expressions for d = 3 
reduce to those in (22) of [27]. Then a transverse and traceless basis may be written in the 
form of 


T = ai(z)(dz 2 + l)Ti 4- a 2 (z)T 2 + a 3 (z)T 3 . 

Divergence of this basis is computed as 

V^7 pvu'v' = ~ Vz 2 — 1 (( dz 2 4- l)ai 4- 2dza\)n ■ T\ + a' 2 n ■ T 2 + a' 3 h ■ T 3 ) 
4" ai(dz 2 4" 1)V • T\ + a 2 V • T 2 4- a 3 V • T 3 , 


where 

n • Ti = 1 A, n ■ T 2 = 0, h-T 2 = ^-B 

dz z 4-1 2 z 

with 

— {{d 4~ 1 u') j — {2fiph^n u i 4- gp^'fipi 4- gw'^pj^) ■ 


We also have 


Assigning V • T 


Tv.r 1 = -41±44±iilzAii A+ d + 1 


(i dz 2 4- l) 2 


d(dz 2 4- 1) 


B. 


IV ■ T 2 = 


d 2 + d — 2 
2d 


B 


, V^ 2 - IV • T 3 = -A — 


1 4-cte" 
2^ 2 


B. 


0 we have two equations 


z(z 2 — l)a 3 = —(d 4- l)z 2 ai 4- a 3 , 

/ 2 i \ / o 2 4~ 1 \ z 2 (d 2 4-2 — 2) . 2 \ 

(z - l)za 3 = 2z 2 I —— j ai 4----a 2 — (1 4- dz )a 3 . 


(C.8) 

(C.9) 

(C.10) 

(C.ll) 

(C.12) 

(C.13) 
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We also need T( n ) f° r a i = l/ 2 ” with n = d+l,d + 2, •••, and the explicit expressions can 
be obtained by solving these equations. For d = 3 we reproduce the results in appendix B 
of [27], 

It will be convenient to use homogeneous coordinates instead of intrinsic coordinates, 
see, e.g., [27, 67]. The AdS^+i space-time can be described by a hypersurface X M Xm = — 1 
(M = 0,1,2,... , d + 1) in a d + 2 dimensional space-time, whose metric is given by tjmn = 
diag(—, +,+,••• , +, +, —). Here the AdS radius is equal to one as before. We denote the 
homogeneous coordinates by X M and Y M '. We use G AIN (X) = r) KIN + X AI X N as the 
d + 1 dimensional metric and also the operator projecting the vector quantities onto the 
hypersurface. Tensor fields }imnp---{X ) on the hypersurface satisfy X^ 1 }imnp---{X) = 0. 

We compute the two-point function Y,mnm’N'{X, Y ) = (Tmn(X)Tm'n'(Y)) of the bulk 
energy momentum tensors. The geodesic distance fl is related as Z = X-Y = — cosh /2(= z). 
In order to express the quantity, we can use bi-tensors (C. 6 ) but now in terms of 

Gmm'{X,Y) = Gmn(X)t] NN Gn' M '(Y) = r] MM t + XmX m > + YmY M i + ZXmYm' , 

N M (X) = , N,„(Y) = + Z _ Y “‘ , (C.14) 

where we should replace as gMM' = Gmm' — (Z + 1)NmNm' and fiM = ~Xm- Instead of 
Z 3 and Z 5 , it can be convenient to use 

Z 3 = Gmm'Gnn' + Gmn'Gnm' 1 (C.15) 

Ts = Gmm'NnNn' + Gmn'NnNm' + Gnm'NmNn' + Gnn'NmNm' ■ 

The relation between the two bases is 

Z 3 = 1 3 + (Z + 1)Z 5 + 2(Z + 1) 2 Z 2 , Z 5 =Z 5 + 4(Z + 1)Z 2 . (C.16) 

Using the property, X M 1imnp---{X) = 0, we can neglect the terms with Xm or Ym' in the 
bi-tensor basis as in (19) of [27]. 


C.3 The Higgs mass of spin 2 gauge field 

We start to compute the explicit expressions for the propagators by generalizing the analysis 
in [27] for the case with generic d. Using the propagators, we evaluate the two-point function 
(T^ u (x)T^i v i(y)) by utilizing the Wick contraction, and from it we read off the corrections 
to the mass of a spin 2 field due to the scalar and fermion loops. There would also be a 
contribution from the loop effects of spin 1 gauge field for d > 2 as computed in [27] for 
d = 3. Here we do not consider this type of effects since the spin 1 gauge field in our d = 2 
setup is not dynamical. 

The second Casimir of the AdS isometry so(2,d) generated by Lmn is given by (5.14), 
and the equations of motion for the bulk fields may be expressed as the eigenvalue equations 
of the second Casimir. For a scalar field 4>(X) with s = 0, we have Lmn = i(XMdN — 
Xn9m) and the Klein-Gordon equation is 

(iV(iV + d) - X 2 d 2 - E 0 (E 0 - d)) (f>(X) = 0 (C.17) 
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with N = X ■ d. The Green’s function Ao(AT, Y) = Aq (Z) can be obtained from 


((1 - Z 2 )d 2 z ~{d + 1 )Zd z + A 0 (A 0 - d)) A 0 (Z) = 0, (C.18) 


where we have used d 2 = —d 2 z and N = X ■ d = Zdz ■ We set Eq = (d ± l )/2 for a 
conformally coupled massless scalar, and we use the solution 


A<“> = 


r((d + i)/2) 


a+ 


+ 


Oi— 


(d- l)(-2vr )( d + 1 )/ 2 \{Z + l ) (rf - 1)/2 (Z- l )!^- 1 )/ 2 


(C.19) 


We reproduce the propagator of flat space at the X = Y limit 


a (a) r((d + l)/2) _ 1 

0 2 (d- l)^+i)/2 \ X - Y\ d ~ l ’ 

when we set = 1. We choose the notation such that the expression become the same as 
the one in [27] for d = 3. For the scalar with standard quantization, we should set a+ = 
—ct_ = 1 , and for the scalar with alternative quantization, we should set a+ = a_ = 1 . 
With these values the relation between a± and oa± in (C.3) can be found as 


oa+ = ^(«+ + a-), a A _ =-(a+-a_). 


(C.21) 


We move to the spin 1/2 propagator. As in [27] we define K = T mn Xm9n with 
{r M ,r iV } = 2r] AIN , which satisfy K(K — d) = N(N + d) — X 2 d 2 . For a spin 1/2 spinor, 
Lmn = ^{Xm9n ~ Xn9m) + MN and the value of Casimir operator for a spinor represen¬ 
tation is C *2 (s) = d(d— 1)/16. Since Q = N(N + d) — X 2 d 2 + (d+ l)(d + 2)/8 — K = K(K — 
d— 1 ) + (d+ l)(d + 2 )/ 8 , we have a factorized relation ( K — 1 / 2 ) (A' — 1/2 — d) = Eq{Eq — d) 
when acting on the spin 1/2 state 'I'(A). Thus the Dirac equations are 


[A" - (Eq + 1 / 2 )]T(X) = 0 , [K + (Eo-l/2-d)]V(X) = 0. (C. 22 ) 

We set Eq = d/2 for a massless fermion. Since we have 

[K - (A 0 + 1/2)] [A + {Eq + 1/2 - d)} = N(N + d) - X 2 - {Eq + 1/2) {Eq + 1/2 - d) , 
[A + {Eq - 1/2 - d)][K - (Ac - 1/2)] = N{N + d) - X 2 - {Eq - 1/2){Eq - 1/2 - d) , 


the solutions to the Dirac equation may be obtained as 


*{X) = [K + {Eo + l/2-d)]*o<l>{X) or T(X) = [K - (A 0 - 1/2)]T O 0(A), (C.23) 

where E^ = Eq + 1/2 for the first scalar and Aq°* = Ao — 1/2 for the second scalar. More¬ 
over, To is a constant spinor. With this expression we can derive the fermion propagator 
from the scalar one. For Eq = d/2, the propagator for Dirac fermion can be written as 


. (a) _ r((d + l)/2) fa+T M {X M -Y M ) a.T M {X M -Y M )\ 
V 2 2(—2vr)G + 1 )/ 2 V {Z + 1 )^ 1 )/ 2 + [Z - l )( rf + x )/ 2 )' 
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As before we reproduce the propagator of flat space in the X = Y limit 


A («) r((d +1)/2) T m (X m -Y m ) m f r((d+1)/2) 1 \ 

!/2 ~ 2vr( rf + 1 )/ 2 \X - Y | rf +! M V 2(d - l)^ 1 )/ 2 [X - Y\ d ~ l ) ’ 

when we set a + = 1. 

With the help of propagators obtained above, we compute the two-point function of the 
bulk energy momentum tensors. The energy momentum tensor for a massless conformally 
coupled scalar is 

V = ^d^dA - - g, u (^(^) 2 + • (C.25) 


Here we have used the equation of motion for 4> since we neglect the contact terms. The 
two-point function can be computed by applying Wick contractions as 




= / T((d + l)/2) 2 \ / a\ ((1 + dZ 2 )T x + (1 + d)(T 2 + ZT 3 )) 


\ 4d(—27r) d+1 


(Z + l) d+1 


(C.26) 


+ 


a 2 _ ((1 + dZ 2 )T x + (1 + d)(T 2 - ZT 3 )) \ 

(.Z - l ) d+1 ) ’ 


where the bases Tj (i = 1,2,3) are dehned in (C.7). In the above expression, we have 
ignored the term proportional to a+a_, since they are irrelevant as mentioned above. 

The energy momentum tensor for a massless Dirac fermion is 

V = (C.27) 

where we have used the equation of motion. The two-point function can be computed as 
, vf , ^ ^r((d + l)/2) 2 dim^4((l + dZ 2 )T 1 + (l + d)(T 2 + ZT 3 )) 

(T^TMV)) = { 8{ _ 27T)d+ i ) ^-(zTlp+i- 

, « 2 - ((1 + dZ 2 )T x + (1 + d)(T 2 - ZT 3 )) \ 

+- ( z - i)^i- J ' (C - 28) 

The dimension of gamma matrices is denoted by dim. The contribution from a massless 
Dirac fermion is (ddim)/2 times that from a massless scalar. We are interested in the case 
with (d, dim) = (2,2). Since the contribution from a Majorana fermion is half of that from 
Dirac fermion, the corrections from a massless scalar and a massless Majorana spinor are 
the same as expected from the dual CFT point of view. 

As explained in [26, 27] we can read off the mass of a spin 2 held from the term 
proportional to the exchange of a massive spin 1 held 


II nvu'v' = -‘IXfiS h'Duij! , (C.29) 

where the symmetrization of the indices (/ri') and (/ib/) is implicitly assumed. Here D vv i 
is the massive spin 1 propagator. As argued in section 2.2 of [29] the conformal dimension 
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of the dual operator is Eq = d + 1. The second Casimir for a vector representation of so (d) 
is C'|(u) = (d — l)/2, and thus we have Q = 2d on the massive spin 1 state A NX). The 
propagator for a spin 1 field with = 2d can be found in [66]. With that expression we 
find 

T((d + 3)/2)Z 

(_ 1 )rf d 7 r (d+ 1 )/ 2( Z 2 _ !)(d+3)/2 

x ((d + 2)Ti (dZ 2 + 1) + 2 T 2 ~(d + 2)T 3 (Z 2 + 1)) . (C.30) 


For large — Z, we may expand the expression in terms of 7( n ) introduced above as 

r((d + 3)/2)(d + 2). 


n 


fllAfl'l'' 


(— l ) d d 7 r ( d + 1 )/ 2 


~7ld+ 2) H- 


(C.31) 


Denoting the numbers of real scalar and Majorana spin 1/2 spinors by respectively no and 
rz.i/ 2 , we can expand the self energy of a spin 2 field for large — Z as 


y) 


8 vr G N {f flu (x)f fj/ ^(y)) 


8ttGn(o%- — a 2 _) 



ddim 

4 77,1/2 


(C.32) 

m+mnd+m 

4d(-2vr ) rf + 1 ) {d+2) + 


where we have considered only the term proportional to that for the spin 1 exchange. As 
explained above we should set a^_ — o?_ = 4a& a a_ = — 4 / 2 = —4 f 2 and multiply —2 to 
obtain the mass of the spin 2 field. The final result is 



64v rG N f 2 



d dim 


r((rf + i)/ 2 ) 

2(d + 2)(47 t)( rf +!)/ 2 ‘ 


(C.33) 
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